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Titanium nitride (TiN^;) films are ideal for use in superconducting microresonator detectors because: a) 
the critical temperature varies with composition (0 < Tc < 5 K); b) the normal-state resistivity is large, 
Pn 100 fj,fl cm, facilitating efficient photon absorption and providing a large kinetic inductance and detector 
responsivity; and c) TiN films are very hard and mechanically robust. Resonators using reactively sputtered 
TiN films show remarkably low loss {Qi > lO'^) and have noise properties similar to resonators made using 
other materials, while the quasiparticle lifetimes are reasonably long, 10 — 200 /is. TiN microresonators should 
therefore reach sensitivities well below 10~^^ Wllz~^^^ . 

PACS numbers: 07.57.Kp,03.67.Lx,74.25.nn,85.25.Oj,85.25.Pb 
Keywords: superconducting detectors, resonators 



Absorption of photons with hv > 2A w 3.5 ksTc 
in a superconductor breaks Cooper pairs into electrons 
or " quasiparticles" , producing a perturbation (5ct(w) ~ 
Sai{uj) — j 802(10) of the the complex conductivityji"— 
Such perturbations may be readily sensed through vec- 
tor microwave measurements of lithographed microres- 
onators, and frequency multiplexing enables large de- 
tector arrays.i^ These devices are commonly known as 
microwave kinetic inductance detectors, or MKIDs be- 
cause the inductive (frequency shift) signal is consider- 
ably larger (/3 = 802 /5ui ~ 3). However, the dissipation 
signal can be more sensitive;^ especially at lower modula- 
tion frequencies, because the resonator frequency exhibits 
1//^/^ noise^"— caused by a surface distribution of two- 
level system (TLS) fluctuatorsi^"— In this letter, we 
discuss the requirements for ultrasensitive MKIDs and 
show that they are very well fulfilled by the measured 
properties of titanium nitride (TiN) films. 

For dissipation readout using the standard shunt- 
coupled, forward transmission (5*21) configuration^, the 
amplifier contribution to the noise equivalent power 
(NEP) is given by 



due to resistive quasiparticle losses (cti ) . In terms of the 
microwave generator power Pgon incident on the feedline, 
^road = XcXqp^gcn/2. For frequency readout, the ampli- 
fier NEP is reduced by a factor of /3; however, TLS noise 
may then be an issue. Note that equation ([T]) does not 
include the transmission of the optical system or the ab- 
sorption efficiency of the detector. 

For minimizing the amplifier NEP, Proad should be cho- 
sen so that the microwave and optical quasiparticle gen- 
eration rates are about equal, provided that the optical 
loading is high enough that the quasiparticle dissipation 
dominates (Xqp ~^ !)■ In this case, amplifier noise tem- 
peratures of order Tamp ~ 1-10 K are sufficient to achieve 
the photon noise limit in the mm/submm/far-infrared 
bandsJ^ In this letter we are primarily concerned with 
the lowest NEP values achievable, so we examine the 
opposite limit of vanishingly small optical power and a 
correspondingly small quasiparticle population. Other 
dissipation mechanisms (radiation, TLS, grain bound- 
aries, etc.) will then limit the resonator quality factor 



to some maximum value Qi^max, so Xqp oc N^^ 
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Here A'qp is the number of quasiparticles in the detec- 
tor active volume Vsc] Vopt ~ 0.7 is the efficiency with 
which photon energy is converted to quasiparticles fS. Tqp 
is the quasiparticle lifetime; Tamp is the amplifier noise 
temperature; Prcad is the microwave readout power ab- 
sorbed by the quasiparticles; Xc = 'iQl/QcQi < 1 is 
optimized by matching the coupling and internal qual- 
ity factors Qc = Qi to give a resonator quality factor 



Also, the quasiparticle lifetime is observedi^"— to reach 
a maximum value T,„ax for densities n^p = A'qp/T^c ^ 
100 /im~'^. If thermally generated quasiparticles are 
made insignificant by cooling and other sources of stray 
power are eliminated)^ readout power dissipation re- 
mains as the only source of quasiparticles, which are gen- 
erated with some efficiency ?7read = A^qpA/Pj-eadTn 

Eqn. ([T]) then yields 
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Qr' = Qc 



2(3- ; and Xqp = Qi/Qj.qp < 1 is 



the fraction of the resonator's internal dissipation that is 



Here age < 1 is the kinetic inductance fractioUj'' 5*1 is a 
dimensionless Mattis-Bardeen factor of order unity^^iii 
and A^'o is the single-spin density of states at the Fermi 



2 



energy. Thus, T = ascTinaxQi,max/^ol4c is a useful figure 
of merit. In addition, the gap parameter A plays a crucial 
role: NEP^it""^ cx because r"!, = n\^R cx n^pA^. 
We will show that T for TiN is considerably better than 
for other materials explored to date. 

Although good resonators can be made with ~ 
15 K NbTiN films,"'-- lower- Tc materials are needed 
for sensitive detectors. We therefore studied TiN^ 
films produced by reactive magnetron sputtering onto 
ambient-temperature, 100 mm diameter, high resistiv- 
ity (> lOkficm) (100) HF-cleaned silicon substrates. 
The titanium sputtering target was 99.995% pure, and 
the sputtering gases (N2 and Ar) were 99.9995% pure. 
As shown in Fig. [TJ the TiN film is sensitive to 
composition Microresonator structures were fabricated 
using deep UV projection lithography followed by in- 
ductively coupled plasma etching using a chlorine chem- 
istry (BCI3/CI2). Both distributed coplanar waveg- 
uide (CPW) resonators^ as well as lumped-element 
resonatorsSS with meandered inductors and interdigi- 
tated capacitors (see Fig. [5]) were produced. 

For our TiN films with 0.7 K < < 4.5 K and 
20 nm < t < 100 nm, the normal-state resistivity was 
typically p„ w 100 [£l cm, with p„(300 K)/p„(4 K) ss 1.1. 
This resistivity is similar to polycrystalline TiN films re- 
ported in the literature but considerably higher than for 




N2 Flow Rate (seem) 

FIG. 1. The critical temperature of reactively sputtered TiN 
films as a function of the N2 flow rate. The Ar flow rate 
was set to 15 seem and the total pressure to 2 mTorr. The 
deposition rate was 35 nm/min using 1 kW DC power, a 
150 mm diameter Ti target, and a target to substrate distance 
of 15 cm. The flow for both gases was set by thermal mass 
flow controllers, while the pressure in the 17.5 L sputtering 
chamber was maintained by adjusting the pump rate using a 
closed-loop system consisting of a capacitance manometer, a 
butterfly-type throttle valve, and a feedback controller. The 
inset provides a schematic illustration of the geometry of the 
14 X 16 close-packed resonator array, with dark regions rep- 
resenting TiN metallization. 



single-crystal films^2i The high resistivity (relative to Al, 
Ta, or Nb) is very convenient for obtaining highly effi- 
cient far-infrared photon absorption in lumped-element 
resonator structures.^° As a consequence of the Mattis- 
Bardeen relationship Ls « fi,i?s/7rA between the normal- 
state surface resistance i?s and the superconducting sur- 
face inductance Ls^ the large resistivity also guarantees 
a large kinetic inductance fraction a^c 1- 

Fig-llb shows a lumped-element 1.5 GHz TiN resonator 
consisting of a meandered inductor and an interdigitated 
capacitor (IDC), designed to serve as a 1 mm^ pixel in 
a 14 X 16 far-IR imaging array that is read out using a sin- 
gle coplanar strip (CPS) feedline. The array and feedline 
geometry is shown schematically in the inset to Fig.[TJ the 
spacing between pixels is around 60 /im. The IDC con- 
sists of four 0.9 mm x 10 fj,m vertical strips with relatively 
large 10 ^m. gaps to reduce noise and dissipation", while 
the inductor consists of 32 1 mm x 5 /zm horizontal strips 
and has Vsc ~ 5900 fiinx^ and Ofsc ~ 0.74. Experiments 
using a cryogenic blackbody source and a metal-mesh, 
215 /im wavelength bandpass filter verify the basic func- 
tionality of these devices and show that the meander is 
an efficient single-polarization absorber. 

Although the resonators were predicted to have Q* = 
1.7 X 10®, the measured Qc values for the array show 
a very large scatter 0.002 < Qc/Ql < 6, which is 
largely due to unanticipated multi-resonator modes aris- 
ing from pixel-pixel coupling. Indeed, electromagnetic 
simulations show that two isolated, identically tuned, 
nearest-neighbor pixels would produce symmetric and 
antisymmetric coupled modes with a frequency splitting 
of ~ 100 MHz, so the interpixel coupling is much larger 
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Frequency offset f - fr (Hz) 

FIG. 2. a) deep resonance measured at T = 100 mK and 
Pgcn = -90dBm with fr = 1.53 GHz, Q,. = 3.6 x 10^ and 
Qi = 3 x lO'^. The device was a 16 X 14 close-packed array of 
lumped-element resonators made using a t — 40 nm TiN film 
with Tc = 4.1 K, Rs = 25 fl, and Ls = 8.4 pH. In addition, 
six resonances with Qi > 2 x 10^ were seen, and > 50 had 
Qi > 10^ The image (b) shows a single 1 mm lumped- 
element resonator. The polar 521 plot (c) clearly shows the 
expected resonance loop. 
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2 Frequency (Hz) 

FIG. 3. NEP for frequency readout (dashed lines) and dis- 
sipation readout (solid lines) measured for a t — 20 nm, 
Tc = 1.1 K TiN CPW resonator, for readout powers Pgcn — 
-113, -109, -105, -101, and -97 dBm (top to bottom). The 
resonator center strip is 3 nm wide and 4.5 mm long, and 
has a 2 fim gap to ground, giving Vbc = 270 fim^ and 
aac = 0.95. Transmission (521) data measured at T = 52 mK 
and Pread = -93 dBm give fr = 5.380 GHz, Qr = 3.2 x 10'', 
and Qi = 10''. This resonance is the 3rd harmonic of the 
fundamental at 1.794 GHz, which was also observed but lies 
below the amplifier's 4-12 GHz band. Microwave pulse ex- 
periments and cosmic ray events indicate Tmax = 100 fis at 
Pgcn = —109 dBm, consistent with Tmax values seen in photon 
detection experiments with other 1.1 K TiN devices. 



than the 1 MHz intended resonator frequency spac- 
ing. We have since developed improved pixel designs and 
filled arrays with dramatically reduced coupling; these 
results will be reported in a future publication. How- 
ever, the very large accidental Qc values have fortu- 
nately enabled a deep probe of the microwave loss of 
TiN. As shown in Figs. [2^ and[2fc, the measurements im- 
ply Qj,max(TiN) > 3 X 10''. The interpretation of Qi,max 
of the coupled modes is secure since all resonances dis- 
played the same frequency vs. temperature curve and 
follow the Mattis-Bardeen prediction. Furthermore, the 
improved uncoupled resonators also show Qi > 10^. Re- 
garding lower- Tc material, to date our results indicate 
that (5^,max > 5 X 10^ for 0.85 K TiN; higher-Q^ res- 
onators will be needed to push this limit. The best Al 
or Nb resonators to date have (5i.max(Al) ^ 2 x 10®; 
however, for such high Q one must generally use thick 
films {t > 100 nm) for which ofgc ~ 0.05.^^ Therefore, 
ascQi,max(TiN) > 2 X 10^ whereas ascQi,max(Al, Nb) 
10^. We will consider the remaining factors in T below. 

For ease of comparison to previous measurements, 
we studied the noise of a coplanar waveguide res- 
onator with our standard geometry (see Fig. [3] for de- 
tails). After correcting for the higher (200 fi) char- 
acteristic impedance and third-harmonic operation for 
the TiN CPW deviceii, the measured frequency noise 



(S'/(lkHz) w 3 X 10-19 HzVHz at Pgon = -97 dBm) 
may be compared to other resonators operated at inter- 
nal power Pint — —55 dBm, and is about a factor of 
two lower than typically seen.® This result, along with 
the very similar spectral shape and power dependence, 
implies that the frequency noise of the TiN device al- 
most certainly arises from surface TLS fluctuators. As 
with other materials, no dissipation fluctuations are seen 
above the cryogenic amplifier noise floor. The corre- 
sponding electrical NEP is 4 x lO-^^WHz^^/^ at 1 Hz 
even though Qc ~ 4 x 10''' is quite modest. A smaller- 
volume resonator with Qc > 10® should give an NEP in 
the few 10-20 W Hz" range. 

For calculating NEP, it is necessary to assume a value 
for the electronic density of states iVo. The results 
of Dridi et al^ are insensitive to stochiometry over 
our range of intereslii^ and correspond to A^o = 8.7 x 
10^ eV~^ IJ,m~^ including the electron-phonon enhance- 
ment factor 1 -I- Xfi^-i?i: or about a factor of two lower 
than for Al. However, recent workSS, has indicated that 
electron correlation effects in TiN may reduce Nq; if so 
this would lower the NEP. Detection experiments with 
TiN resonators should help elucidate this issue. 

Another important factor is the quasiparticle lifetime. 
From far-IR, UV, and X-ray photon detection experi- 
ments, we find lifetimes of Tmax ~ 15 /iS for Tc = 4 K 
material, 100 /xs for Tc = 1.1 K, and 200 /xs for Tc = 
0.8 K, scaling roughly as as might be expected. For 
Tc ~ 1.1 K, the lifetime is in the range seen for thin 
Al {t — 20 — 40 nm) films but is an order of magnitude 
shorter than the best thick (t > 100 nm) Al filmsJ^ 

Thus, the remaining factors Tmax/A^oKsc contained in 
T are about the same for TiN, thin Al, and thick Al, 
to within a factor of two. Therefore, the two orders 
of magnitude advantage in ascQi.max for TiN translates 
directly into a factor of 10 improvement in sensitivity, 
or for applications requiring large sensors, an improve- 
ment of two orders of magnitude in device area. Further- 
more, the ability to reach high Qr with TiN resonators 
should enable very dense MKID frequency multiplexing, 
and should also be of considerable interest for quantum 
information and other applications. 
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